Among patients undergoing on-pump cardiac surgery (cardiopulmonary bypass -CPB), there is a population of patients who, shortly after the end of the procedure (and CPB), exhibit symptoms of generalized hypotension related to very low systemic vascular resistance, the treatment of which requires very large doses of vasoconstrictors. This clinical condition is known as vasodilatation or vasoplegic shock (a distributive shock). Risk factors of postoperative vasoplegia such as initial patient condition, preoperative pharmacotherapy, cardiac procedure type, extracorporeal perfusion, the activation of intrinsic mechanisms leading to vasodilatation, and infectious factors (complicating the previously "sterile" vasoplegia course) should be taken into consideration when planning the treatment and aiming to improve the postoperative outcome. Whether vasoplegia is of infectious or sterile etiology remains the big issue which dictates postoperative therapy: empirical antibiotic de-escalation therapy vs. standard perioperative antibiotic prophylaxis. Key words: vasoplegia, septic shock, CPB, antibiotic prophylaxis.
The literature concerning vasoplegia after cardiac surgical procedures does not clearly define the problem of differentiating between vasoplegic and septic shock. The majority of authors define vasoplegic shock as a set of symptoms which require high doses of vasoconstrictors and are related to hypotension refractory to fluid therapy and to low systemic peripheral resistance, with a high cardiac index. The most common criteria are related to hemodynamic parameters:
The mean arterial pressure (MAP) < 70 mm Hg, systemic vascular resistance index (SVRI) < 1400 dyn/s/cm 5 /m 2 , systemic vascular resistance (SVR) < 400 dyn/s/ cm 5 ; cardiac index (CI) > 2.5 l/min/m 2 , central venous pressure (CVP) > 10 mm Hg, and time coincidence: the presence of clinical symptoms 2-12 h after the end of cardiopulmonary bypass (CPB) [1] [2] [3] [4] .
The mechanism for the occurrence of peripheral vasodilatation still remains unclear. The discussion on this topic stresses the significance of factors related to the pa-tient, medication, the cardiothoracic procedure and the correlated progress of extracorporeal circulation, and the activation of broadly understood inflammatory response [systemic inflammatory response syndrome (SIRS) and others] mediators, including insufficient arginine vasopressin secretion after CPB.
The following preoperative factors related to the patients and their medication should be noted: chronic use of vasodilators [angiotensin converting enzyme inhibitors (ACEI), calcium channel blockers, and amiodarone], preoperative intravenous heparin therapy, ejection fraction (EF) < 35%, type II diabetes, and congestive heart failure [5] [6] [7] [8] [9] [10] . It is these factors that result in the blockage of the influx of calcium ions into muscle cells by opening ATP-dependent potassium channels and hyperpolarizing myocytes. A similar effect can be caused by administrating amiodarone and phosphodiesterase III inhibitors postoperatively [9] .
Another factor appears to be the disproportionately low level of arginine vasopressin secretion. Typically, CPB causes an increase in vasopressin concentration to > 100 pg/ml, but in some vasoplegic patients its level was established at < 10 pg/ml, which appears to be of primary significance for hypotension development [11, 12] . For the most part, vasopressin acts vasoconstrictively via V1 receptors, which exert their effect by increasing the concentration of intracellular calcium. If the ATP-dependent K+ channels are blocked, the flow of calcium is blocked and the actin-myosin interaction does not occur.
Chronic circulatory insufficiency, low left ventricular ejection fraction < 35%, type II diabetes, and chronic renal failure constitute independent risk factors for the development of vasoplegic shock, which is related both to the treatment employed in these clinical situations and to the chronic metabolism disorder of the endothelium and myocardium -the prolonged activation of renin-angiotensin-aldosterone system (RAAS) and proinflammatory mediators (especially in obese patients due to high levels of proinflammatory cytokines in fat tissue) [13] , the propensity for apoptosis of endothelial tissue, and the down-regulation of beta-adrenergic receptors.
Cardiac surgery also constitutes an independent risk factor for vasoplegia. Most studies focus on aorto-coronary bypass surgery; however, the aforementioned risk factors occur much more often and at a higher intensity in patients with valvular defects, patients requiring mechanical cardiac support, and those undergoing urgent procedures [14] .
The primary risk element related to cardiac surgery is CPB -its duration, the employed oxygenator and drain types, priming, myocardial protection, drugs administered during CPB (heparin/protamine), and, most importantly, perfusion pressure.
The contact between the patient's blood and the drain system, tissue ischemia, and reperfusion injury result in the development of a systemic inflammatory response with the activation of inflammatory mediators and subsequent inducible nitric oxide synthetase (iNOs) stimulation [iNOs -intracellular cyclic guanosine monophosphate (cGMP) activation]. The consequences of this include cytokine storm and vasodilatation refractory to vasoconstrictors with reduced myocardial contractility and increased endothelial permeability [15] [16] [17] .
Other causative factors such as injury, blood loss, burns, hypothermia, and, particularly, infection result in a practically identical simulation of the cytokine configuration and in related clinical consequences, including multi-organ failure.
The difference is that the end of exposure (CPB) to the causative factor enables the extinguishing of the "fire" and idiopathic microcirculation stabilization. This occurs in most "benign" forms of post-CPB vasoplegia [18] .
It is important to note the occurrence of vasoplegia in procedures that do not employ extracorporeal circulation (off-pump), in which the activation of pro-inflammatory cytokines and iNOs appears to be initiated by heparin-protamine administration with all the consequences of the development of SIRS and multi-organ failure due to hypotension refractory to catecholamines [1] .
The incidence of vasoplegia is estimated at 8.8-10% for patients undergoing CPB procedures, but for those with severe preoperative left ventricular dysfunction it may reach 42%. Mortality for the severe forms of vasoplegic shock reaches 25% in spite of employing adequate treatment [1, 15, 17] .
If the diagnostic criteria for vasoplegic shock are met after cardiac surgery, it is vital to consider appropriate directions of therapy: 1. Adequate fluid therapy. 2. Hemodynamic monitoring assessing the reaction to fluid therapy and monitoring the administration of vasoconstrictor agents. 3. "Causative" treatment for vasoplegia: SIRS -extracorporeal therapies. 4. Treatment with vasoconstrictor agents. 5. Differential diagnostics between vasoplegia and septic shock due to probable infection with the introduction of antibiotic de-escalation therapy. 6. Prophylaxis in the case of patients from the deep vasoplegia risk group. The concept of adequate fluid therapy is difficult to define for any kind of shock. This is particularly true of distributive shocks, to which group the post-CPB vasoplegic shock belongs. There is no objective method of assessing the patient's volemia and fluid demand. The hemodynamic monitoring technologies that are available in the medical market (transpulmonary thermodilution and heart rate curve analysis) enable the evaluation of the patient's amenability to fluid therapy. Static parameters such as CVP, pulmonary capillary wedge pressure (PCWP), or reversed end-diastolic velocity (REDV) do not correlate with the assessment of volemia [18] , while dynamic parameters (pulse pressure variation (PPV), systolic pressure variation (SPV), stroke volume variation (SVV)] are governed by strict methodological limitations. Possible alternatives appear to include fluid therapy based on extravascular lung water (EVLW) evaluation or identifying fluid susceptibility based on the position on the Frank-Starling curve ( Fig. 1, 2 ).
Vasoplegic versus septic shock in cardiac surgery. Possibilities of differentiating between them and implementing… Adequate fluid therapy is aimed at providing the system with the "shocked" circumferential bed tension with the fluid volume required for maintaining tissue flow while avoiding overhydration with all its negative consequences. Hemodynamic monitoring in the case of vasoplegic shock should be tailored to the available technology and the experience of the treatment team. Monitoring oxygen delivery (DO 2 ) and oxygen consumption (VO 2 ) relationships and maintaining adequate tissue blood flow in microcirculation is crucial. Employing a catheter in the pulmonary artery is a gold standard in cardiac anesthesiology, especially if it is possible to constantly monitor cardiac output and mixed venous oxygen saturation (Swan-Ganz Combo V, Edwards Lifesciences). In turn, transpulmonary thermodilution technologies (PICCO Pulsion, EV1000 Edwards Lifesciences) are irreplaceable when it comes to EVLW evaluation and acute lung injury/acute respiratory distress syndrome (ALI/ ARDS) differentiation. However, vasoplegic shock is a microcirculation disorder and macrocirculatory hemodynamic parameters, without regard for organ perfusion, are insufficient for conducting adequate therapy. At the current state of knowledge, monitoring tissue blood flow entails the measurement of such parameters as lactate levels, pH, and alkali deficiency, tissue tonometry, tissue oxygenation [near infrared reflectance spectroscopy (NIRS) technology], and tissue oxygen saturation (StO 2 ) [19] . The acquired information enables the coordination of the following chain of components: fluid therapy and vasoactive treatment at the tissue level.
Causative treatment of vasoplegic shock in the course of CPB includes the elimination of factors predisposing to inflammatory mediator activation. Introducing modern technologies related to biocompatible materials, out of which the CPB system components are constructed, as well as technologies based on the concept of existing mediator removal, blazes a trail for leading scientific studies. Employing a whole gamut of extracorporeal inflammatory mediator removal techniques based on filtration-absorption technologies [from continuous veno-venous hemofiltration (CVVH) to coupled plasma filtration adsorption (CPFA)] has not yet yielded convincing data concerning the improvement of clinical results. It appears that the problem is related to the type of the filter, which should have both anticoagulative (heparin coating) and absorptive capabilities, in order to ensure the precise removal of specific pro-inflammatory mediators, while sparing the anti-inflammatory mediators and other systemic proteins. Examples of this include a group of studies from Japan in which polymyxin B and its modifications were used to remove pro-inflammatory mediators and lipopolysaccharide (LPS) in patients in septic shock [20] and the works by Honoré employing the oXiris filter [21] . Notwithstanding the above, there are still no convincing reports concerning extracorporeal therapy for post-CPB vasoplegia.
Therapy with vasoactive drugs may also be considered a "causative" treatment for vasoplegic shock; in addition to the standard use of noradrenaline, it employs vasopressin and methylene blue. Early goal directed therapy (EGDT) in post-CPB vasoplegia therapy pertains to the values of MAP > 70 mm Hg and SVR > 800 dyn/s/cm 5 . These levels can be reached by administering 0.01-0.4 μg/kg/min of noradrenaline or by including vasopressin in the therapy and using the fact that, dosed at 0.01-0.1 U/min, it acts on the V1 receptor, while taking into consideration its adverse drug reactions (constriction of skin and visceral vessels) [22, 23] . The receptor V1 analogue terlipressin is used in a similar manner, dosed at 1 μg/kg/h [24] . The described therapy appears to be safe and does not cause disturbances of organ blood flow, particularly within the CNS, viscera, and kidneys. Nor does it disturb the metabolic parameters -lactates, pH, and BE. Acting on the V2 receptor results in fluid stabilization of the organism and diuresis. In a group of patients who were preoperatively administered ACE inhibitors and had significantly lowered EF, an infusion of a small dose of vasopressin (0.03 U/min) during CPB and during the 4 hours after coronary artery bypass surgery (CABG) is safe and advantageous. It clearly reduces the required doses of vasopressors, enhances the hemodynamic profile, increas- CARDIAC SURGERY es diuresis and reduces blood loss during the first 24 h after the operation. Its effect on the kidneys is also significant, as it results in vasoconstriction of the efferent arteriole, as opposed to other vasopressors acting on the afferent arterioles and reducing GFR (glomerular filtration rate) and UO (urine output). It exerts a similar protective effect on the CNS and the coronary vessels [25] . Using methylene blue in treating post-CPB vasoplegia has a well-grounded position in modern intensive cardiosurgical therapy. Methylene blue is a drug that directly inhibits the production of nitric oxide (iNOs) and blocks cGMP, which enables the restart of the mechanism related to cAMP and ATP via dependent potassium channels, therefore enabling the normalization of cellular calcium metabolism and the regaining of the physiological properties of myocytes [15] . Methylene blue is not a directly vasoconstrictive drug, as it does not constrict the vessels when vasoplegia is not present (in the absence of iNOs activation and NO -cGMP excess). The action of methylene blue dosed at 2 mg/kg body weight (bw) in a 20 ml bolus is safe and requires subsequent continuation in continuous infusion up to the dose of 10 mg/kg bw. Reports suggest that exceeding the dose of > 40 mg/kg bw can be hazardous and related to hemolysis, hyperbilirubinemia, and excessive visceral vasoconstriction [25] .
There are reports stressing the significance of the timing of methylene blue administration. Clinical situations have been observed in which the infusion of the drug did not reduce vasoplegia. A probable explanation for this seems to be the action of cGMP, which, after initial significant expression, is clearly reduced due to substantial overproduction of NO and the change in the metabolism of intracellular transmitters. Thus, a therapeutic window develops, during which methylene blue is ineffective. In experimental studies on animals, this time period lasts several hours, and the increasing presence of cGMP enables the return of methylene blue sensitivity and the slow reduction of vasoplegia symptoms [26] . A similar effect, with varying time window length, has been observed in humans [27] [28] [29] . Methylene blue is also employed in the treatment of anaphylactic shock. The cardiac surgery literature describes cases in which methylene blue was employed in the anaphylactic reaction to protamine [30] .
If a shock with low peripheral resistance occurs after cardiac surgery, it is clinically significant to ask whether it is a distributive shock related to non-infectious activation of mediators and iNOs or a septic shock with infectious etiology.
Septic shock in cardiac surgery may be associated with the patient's preoperative clinical condition: infective endocarditis, latent infectious foci; intraoperative pathology -endotoxemia due to visceral blood flow disorders and bacterial translocation during CPB; or, finally, situations in which vasoplegia refractory to medical treatment is complicated by an infection and develops, more or less noticeably, into septic shock.
The key point of this differentiation is the decision to employ adequate antibiotic therapy. According to numerous scientific reports accumulated in the Surviving Sepsis Campaign guidelines, empirical antibiotic de-escalation therapy should be implemented as soon as possible (1 hour) after the diagnosis/suspicion of septic shock. Delaying this intervention results in an increase in mortality by 10% for each subsequent hour [31] .
At the present time, the only proven marker which allows for an attempt to differentiate between aseptic vasoplegic shock after CPB and an infection causing the development of septic shock is the marking of the level of procalcitonin (PCT).
Procalcitonin is also an acute-phase protein and an inflammatory response mediator; therefore its level increases during the course of uncomplicated cardiac surgery employing extracorporeal circulation. Numerous studies have confirmed that the peak concentration of PCT occurs during the first 24 postoperative hours and normalizes within approximately one week [32] . In patients with an infection, the PCT level was markedly higher and increased more rapidly within the 24 h period than in the cases of "aseptic" SIRS.
During an uncomplicated treatment course in CPB patients, PCT varies within the range of 0.41 ±0.36 ng/ml, with the peak occurring during the first day after the operation, and normalization taking place within 3-4 days. In the case of patients with infection (confirmed microbiologically), one can distinguish patients with septic shock (PCT 96.98 ±119.61 ng/ml and rapid accretion rate) and patients with limited infection (pneumonia, mediastinitis, bacteremia) with an indirect PCT level of 4.85 ±3.31 ng/ml. A group of patients who received targeted antibiotic therapy in case of infection has also been identified. The PCT level in this group did not exceed < 1 ng/ml. The best cutoff point for the diagnosis of bacterial/fungal infection is the PCT level of 1 ng/ml (sensitivity 85%, specificity 95%). In the case of vasoplegic (cardiogenic) shock, the cutoff is at the level of 10 ng/ml (96.98 ±119.61 vs. 11.30 ±12.3 ng/ml, sensitivity 100%, specificity 62%) [37] . In all the presented patient groups, the CRP level was elevated and, during the first postoperative days, did not exhibit a significant correlation with the presence of infection or the risk of septic shock development.
Below, we present two case studies, which we have observed in our clinical practice.
Case study 1
A 77-year-old patient was admitted for a planned CABG procedure. Medical history was typical for ischemic heart disease (IHD), without significant details. The surgical procedure included the implantation of 3 venous bypasses and 1 arterial bypass. The duration of the CPB was 45 min; perfusion pressure: 60-80 mm Hg, CI: 2.4 l/min/m 2 . Circulation was terminated uneventfully. Intraoperative laboratory examinations, circulatory system monitoring, diuresis, and ventilation were normal.
In the ICU, the patient was stable for 2 hours: minor drainage, good diuresis, stable circulation. Approximately 2 hours after the end of the CPB, a BP drop was observed, as well as tachycardia > 160/min, saturation drop, pH 7.1, Vasoplegic versus septic shock in cardiac surgery. Possibilities of differentiating between them and implementing… BE (-12), hemoglobin (HB) 10.6, hematocrit (Hct) 26%, platelet count (PLT) 118, oliguria, activated partial thromboplastin time (APTT) 70 s.
Due to the suspicion of bleeding, transthoracic echocardiogram (TTE) was performed -no signs of tamponade or pleural effusion. Intensive fluid therapy was implemented, and vasopressor agents were infused: noradrenaline (0.01-0.3 μg/kg/min), dobutamine (10 μg/kg/min). Two units of packed red blood cells (PRBC) and 2 units of fresh frozen plasma (FFP) were transfused, and Co/CI monitoring was employed (FloTrac, Edwards Lifesciences). As the therapy was ineffective, an intra-aortic balloon pump (IABP) was used, and adrenaline infusion (0.01-0.08 μg/kg/min) was included in the therapy.
In the 10 th hour after the occurrence of the symptoms, hemodynamic monitoring was extended to include the pulmonary artery catheter (PAC): CO > 15 l/min, SV 80 ml, PVR 20 mm Hg, PCWP 16 mm Hg, SVR 146 dyn/s/cm 5 . Anuria. Laboratory examination: lactates 12 mmol/l, pH 6.9, BE (-20) , white blood cells (WBC) 36 K/μl, PLT 56 K/μl, Hb 7.9 g%, CRP > 50 mg/dl, PCT > 100 ng/ml. Deep vasoplegia was diagnosed, and, due to the very high level of PCT, septic shock was diagnosed as well.
Because of this, empirical antibiotic de-escalation therapy was employed (meropenem + vancomycin) as well as high-volume continuous veno-venous hemofiltration (CV-VHF) -4 hourly pulses 80 ml/kg/h each, 2 system replacements (Aquarius, Baxter) within 24 h. Fluid therapy and vasoconstrictor administration was conducted under PAC control. Vasopressin and methylene blue were not used in the treatment due to their shortage in the ICU.
In spite of this, during the next 24 h, vasopressor infusion was gradually reduced, as the treatment team observed the gradual normalization of laboratory parameters and the return of diuresis. During the 3 rd day, mechanical ventilation was discontinued, while during the 5th day, CV-VHF and vasopressor therapy were terminated.
On the 6 th day, the patient was transferred to the cardiac surgery department for further treatment. The numerous cultures collected throughout the hospitalization yielded no microbiological identification of the pathogen responsible for the infection. The PCT level was normalized on the 8 th day after the CPB.
Case study 2
The patient (aged 76, with a history of unstable IHD, chronic renal failure and circulatory insufficiency, after large intestine resection due to cancer) was qualified for an urgent CABG procedure due to critical constrictions in the left main coronary artery (LMCA), left anterior descending artery (LAD), left circumflex artery (LCX), first marginal (M1), and right coronary artery (RCA). EF was 25-30%.
The duration of the CPB was 100 min. Hemofiltration was used during the procedure. Full arterial revascularization was required, as the venous vessels were found to be inadequate for grafting. The patient required small doses of vasopressors (noradrenaline and dobutamine) already after the start of surgery. PAC -relative hemodynamic stabilization after CBP, SVR 400 dyn/s/cm 5 .
Approximately 60 min after the end of surgery, substantial vasoplegia was quickly corrected by means of fluid therapy and vasopressors (adrenaline, noradrenaline, dobutamine). Despite great effort, the IABP was impossible to implement due to generalized atherosclerosis. Relative circulatory stabilization and return of diuresis -approx. 2 ml/kg/h.
In the 8 th hour after the CPB, the patient's condition worsened again rapidly, as inflammatory parameters increased markedly: PCT > 75 ng/ml, CRP > 50 mg/dl, WBC 36 K/μl. PAC -SVR 130 dyn/s/cm 5 . Empirical antibiotic de-escalation therapy was employed (carbapenem + glycopeptide), as well as intensive fluid therapy under PAC control (transpulmonary thermodilution was impossible to implement). Within 24 h, diuresis returned, the hemodynamics stabilized, and vasoconstrictor agent infusion was reduced.
In sum, during 24 h after the CPB, the patient received 16 l of fluids, including 8 u PRBC and 6 u FFP. He did not require CRRT, and the total drainage did not exceed 2000 ml.
Conclusions
Treating vasoplegic shock after cardiac surgery entails identifying the patients at risk, based on the following factors: chronic ACEI use, calcium channel blockers, continuous infusion of heparin, beta-blockers, amiodarone and phosphodiesterase III inhibitors, severe left ventricular failure, EF < 25-30%, type II diabetes, and renal failure.
Efficacious vasoplegia prophylaxis is possible by means of vasopressin or methylene blue infusion.
Treatment requires a combination of actions including adequate fluid therapy and vasoconstrictor therapy under the control of invasive hemodynamic monitoring: PAC, transpulmonary thermodilution, heart rate curve analysis.
Extracorporeal blood-cleansing technologies require further clinical studies in order to confirm or deny their efficacy.
Procalcitonin is an efficient marker differentiating vasoplegic shock from infection and septic shock, and it enables quick implementation of antibiotic de-escalation therapy, which is decisive for prognosis.
